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Abstract. The remote detection of flooding in the Arctic ice pack has been
difficult to accomplish using conventional techniques. We have examined a case
of Artic flooding (8 June 1989) with NOAA and DMSP visible and infrared

-•measurements supplemented by DMSP microwave imager (SSM/I) data. Analy-
,____ sis of visible and infrared data for a sunglint region was used to show the

distribution of flooding at 72° N, 135°W. A simple model was developed for the
radiative transfer at microwave wavelengths through a bring layer over ice. The

0M predictions of the model were found to be consistent with the spatial behaviour of
the SSM/I measurements. This case study demonstrates the usefulness of using
"combine visible, infrared, and microwave measurements to differentiate among

S, flooded, broken ice, and open water regions, even in the presence of cloud cover
or surface fog.

1. Summary
Changes in size and physical characteristics of the polar ice caps are an

important mechanism controlling global climatic change. The freezing and melting
of the ice surface affect both the thermodynamic balance and the mechanical
structure of the ice cover. Naval and marine operations in the polar regions depend
on the knowledge and forecasting of ice cover and open water occurrence.

The surface melting of ice is an important component of the dynamics of ice
surface change. The surface melt provides a thermodynamic reservior for solar
heating, and as such is critical to the analysis and forecast of polar ice growth and
breakup. In this work we use conventional optical (visible and infrared) imagery
with passive microwave measurements to investigate the occurrence of Arctic melt
ponds.

The extent of ice cover in the Arctic is conventionally determined by examination
of cloud free visible imagery. However normal inspection of such data does not
determine whether the ice is flooded or free of surface water. A more detailed
analysis of such data, however, may provide evidence of water on the ice surface.
Sunglint, not normally considered over ice covered regions, is valuable in determin-
ing extent of flooding. Multi-spectral comparison of the near-infrared channel
measurements may reveal a darkening over a water covered ice surface. since water
is essentially black in the infrared.

Microwave data add a further dimension to the differentiation of flooded and
non-flooded regions. The microwave emissivity of water and ice differ substantially,
providing an effective means for differentiating ice from sea water in polar regions.
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In the case of water layers on the ice surface. the microwave surface emission
depends on wavelength, so that a thin layer of water may emit like water at high
frequencies and like ice at low frequencies. Thus. a multiple frequency microwave
radiometer. such as the SSM I microwave imaging sensor on the DMSP F-8 satellite
has the potential to evaluate physical properties of melt pond regions. In this work
we investigate water covered ice surfaces, and determine the potential of determining
ice pond characteristics from this wavelength dependence.

Visible imagery has been used previously to determine extent of ice flooding and
pond formation. During sun glint conditions, the surface exhibits strong reflection
compared to either an open water region or an ice covered region. We use DMSP
Operational Line Scanner (OLS) and NOAA-8 AVHRR imagery to determine ice
pond areas from sun-glint effects. The physical characteristics of the ponds are then
investigated using SSM,'I observations.

A simple model of microwave emission from a water covered surface is
described, accounting for features observed in the microwave observations. This
model indicates the expected wavelength dependence of microwave emission by the
surface. The scatter plots of 19 and 37GHz channels are shown to provide
differentiation between ice and melt pond regions. This expectation is verified in the
visible and infrared imagery. The results suggest that spatial textural analysis may be
a useful technique of analyzing microwave observations in the Arctic.

2. Introduction
The conditions of the surface in polar region have an important effect on global

scale thermodynamics, as well as being critical for the analysis and forecast of
weather. The surface is complicated, consisting of ice and liquid water and various
combinations of the two forms of water substance. together with various concentra-
tions of salt. The complexity of the surface makes it difficult to reliably infer
conditions from conventional observations such as visible or infrared satellite
imagery, and implies the need to use additional measurements.

A particular example of this complexity occurs in regions of surface ice melt
ponds. These are:, are formed as a result of solar heating of ice and generally
characterized by thin layers of water interspersed among solid ice regions. Because
the liquid is a vehicle for transport of salt from the ice, these regions are thought to
be responsible for the transformation of ice from higher salinity first year forms to
lower salinity multi-year forms (Comiso 1983. Comiso et al. 1984).

Ice pond formation is often observed during the onset of solar summer (figure I).
The characteristics of the ice ponds vary: size and depth depend on the incident solar
flux. ice salinity, and ice roughness. The ice ponds are observed in visible satellite
imagery when satellite and solar geometry permit the detection sun glint (Fett and
Rabe 1976).

3. Satellite measurements

3. 1. Micro u'ace senisor cttarac'ter.stic.s

The DMSP SSM I sensor is a passive microwave imager deployed aboard the
DMSP FIO satellite. The satellite operates in a circular sun-synchronous orbit at an
altitude of 833km with an inclination of 98.8 . and an orbital of 102-0 minutes. The
SSM I is a passive microwave radiometer operating at four frequencies with two
polarizations as seen in table I (Hollinger et a!. 1987).

The SSM I data are sampled to provide effective temperatures over a nominally
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Figure 1. Representative flooded ice region in the arctic (courtesy of Defense Research
Board, Canada. WMO/OMM/BMO - No 259, TP. 145)

Table 1. DMSP SSM/I sensor characteristics.

Channel Frequency (GHz) Wavelength Polarization

1 19.35 [.55 Vertical
2 19.35 1-55 Horizontal
3 22"235 [-35 Vertical
4 37.0 0.81 Vertical
5 37.0 0.81 Horizontal
6 85.5 0.35 Vertical not

operational
7 85-5 0"35 Horizontal

25 km square region for channels 1-5, and 12.5 km for channels 6 and 7. The sensor
rotates about an axis parallel to the spacecraft vertical at an angle of 45 from the
vertical. Brightness temperatures are measured over an angular sector from - 51-2
to 51.2' about the aft direction (Hollinger et al. 1987).

These data are received at the Fleet Numerical Oceanography Center (FNOC)
for operational product development. The raw data are earth located and stored as
temperature data records (TDRs). The TDRs are the corrected for antenna pattern
effects and stored as Sensor Data records (SDRs). The SDRs are then used with •
geophysical algorithms to provide Earth located environmental data records 0
(EDRs), including water vapour column concentration, precipitation. and ocean
surface wind speed. The SSM/1 SDRs. TDRs. and EDRs are forwarded to the Naval ...........
Research Laboratory (NRL) for archival. The data used here are SDRs obtained
from the NRL archives.

3.2. Visible and infrared satellite sensor characteristics
The optical measurements useu in this study are taken by the Operational Line 's

Scanner (OLS) and the DMSP satellite, and the Advanced Very High Resolution

DTIC QUAILT INSPECTED 0
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Radiometer (AVHRR) deployed aboard the NOAA-9 satellite. The operation line
scanner is an visible and infrared imager deployed aboard the DMSP F-8 space
craft. The instrument scans a swath 2200 km in width at the satellite subpoint. and in
the direction perpendicular to the satellite motion vector. The instrument operates
with two resolutions, 25 km and 06 km. The sensor produces images in the visible
band, from 0-4 nm to I.I nm, and the infrared band, nominally from 8 nm to 12 nm.

The AVHRR is a five channel optical sensor including two visible channels, one
middle infrared channel, and two thermal infrared channels. The instrument scans a
swath 2200km in width at the satellite subpoint. The resolution of the sensor is
nominally 1000m at satellite subpoint. The channel characteristics of both sensors
are provided in table 2.

4. Emissivity of the Artic surface
The microwave properties of the polar surface have been modelled by several

investigators (Isaacs et al. 1989, Comiso 1983, Grody 1988). It is generally agreed
that microwave emission can be used to differentiate among five surface types, clear
water, multi-year ice, single year ice, water covered ice, and snow covered ice.

Clear water is characterized by a high microwave dielectric coefficient, and a
correspondingly low emissivity, on the order of 0-5. Brightness temperature is cold,
although this is a function of salinity, temperature, and physical surface structure as
well. Because of the low emissivity, most of the microwave radiance from the water
surface emanates from within one or two wavelengths below the surface.

First year ice consists of an ice matrix with interstitial brine pockets. The brine
pockets increase the dielectric coefficient and emissivity of the pure ice: thus the first
year ice Tb, is warmer than that of a water surface, but colder than pure ice.
Associated with the higher emission, the emitted radiance emanates from deeper
below the ice boundary than water.

Multi-year ice has undergone multiple melt cycles, in which interstitial brine has
been drained away and effectively replace by air pockets. Density is lower than that
of first year ice, and as Comiso points out, the lower density has two effects on
microwave emission. First, there is less emitting material per layer of ice, and
second. the air pockets in the ice scatter the incoming radiation. The effective Tb at a
given physical temperature is therefore relatively lower than for first year ice. ihe
difference between first year and multi-year ice are shown in figure 2.

Table 2. Visible and infrared sensor characteristics.

Frequency (nm) Ground
Band Channel band resolution ikm)

DAI S P
Visible 1 0.4-I. 0.6 2.5
Thermal 2 S1- 121 00-6-2.5
NOAA AVHRR
Visible I 0.58 0.68 I.1
Near-infrared 2 (0.'7'25 I.I 11
Mid-inirared 3 3-55-3-93 H
Thermal 1 4 10.5 11.5 I.I
Thermal 2 5 11-5-12.5 1-1
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Figure 2. Physical characteristics of first year and multi-year ice (Comiso 1983).

Brine melt on the ice surface has not been studied extensively (Cavalieri et al.
1983, Svendsen et al. 1983, Garrity et al. 1990). As seen in figure 1, the ice surface is
covered with liquid of varying depth from relatively thin layer to thick. The extent
and thickness of the liquid layer depends on the extent of solar heating, the porosity
of the ice, and other physical characteristics.

The physical characteristics of the layer affect the microwave emission character-
istics of the surface. If the liquid is greater than the skin depth of the microwave
radiation, the primary emitted radiation component comes from the water, and
consequently is relatively cold. If the liquid depth is less than the skin depth. the
underlying ice layer contributes to the total emitted radiation from the surface. and
the surface will seem to be emitting as a warmer equivalent temperature. The
following paragraph provides a quantitative description of the transfer of microwave
radiation in the flooded ice system. While this simple model does not include
reflection at the air-brine interface, it seems sufficient to demonstrate the salient
points of the observed data.

5. Microwave emission of a flooded ice surface
The radiance emitted at the air-liquid interface (figure 3) is described by the

radiative transfer equation in the zenith direction (Ulaby et al. 1986, Simmer 1989).

E6I
-kI+KS

where I is the radiance at any point in the liquid layer. k is the local absorption
coefficient, and S is the source function. The solution for the case of plane parallel
system with an ice boundary under a layer of water is
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Figure 3. Physical model for radiative transfer through a flooded ice surface.

I icee, - kz,,i,,., + f~i de - kL'S( T)d::' (2)

The water is assumed to be homogeneous, so the source term is independent of z.
and may be removed from inside the integral. The upward radiance at the top of the
liquid layer is

I = Iicee-""' + S(T)(e ...... I) (3)

In the microwave the Rayleigh-Jeans approximation is valid, so the Planck
function may be linearized as follows

hv( •c(ekT_ (4)

The radiance is conventionally related to the brightness temperatures by

("I
TB = 2kv2  (5)

The brightness temperature observed above a layer of surface water is thcn

TB ýe -•Tmj + (I - e-"T,,,(6)

The brightness temperature of the surface is related to the surface emissivity and the
physical temperature of the system. The general equation of the perceived brightness
temperature of a water covered surface with ice at one temperature and wýater
another temperature is

Tn3 =,,e - "Te + :,,,,( I - ' ) T,, (7)
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The emissivity of ice and sea water are calculated using parametrizations summar-
ized in Appendix A.

The brightness temperature at any microwave frequency will be a function of the
relationship of the brine layer depth and the microwave frequency. Thin layers of
water will affect the higher frequency emissions rather strongly, while lower
frequencies are unaffected. We have calculated the effective brightness temperature
of a solid ice structure covered with a thin layer of brine, with a salinity of 34 per
thousand, identical to sea water. (The salinity of the melt region may in fact differ
from this value, but the results of the analysis remain unchanged). Figure 4 shows
the dependence of the microwave brightness temperature on the water depth for the
microwave frequencies used by the SSM/I.

This figure implies that the variation of the brightness temperature of a brine
surface depends both on the layer depth and the microwave frequency. If the brine
layer depth is on the order of millimetres thick, the long wavelength brightness
temperature (19 and 22 GHz) will be unaffected, while the shorter wavelengths will
vary depending on the areal extent and depth of the brine cover. Thus, the long
wavelength Tb is expected to have a smaller variance over a small region. than the
shorter wavelength. On the other hand, if the layer depth is on the order of a
centimetre, the short wavelength emission will be primarily from the brine layer.
while the longer wavelength signal is attributable to the relatively hot ice emissions.
modified by the absorbing water layer. Since the brine layer is not uniform, it is
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Figure 4. Microwave brightness temperature as a function of liquid depth and frequency
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expected that the longer wavelength will then vary more than the shorter
wavelength.

The sensitivity of the brightness temperature observations to brine depth can be
demonstrated by observing the derivative of the brightness temperature with respect
to the liquid depth. A graph of the sensitivity of the brightness temperature to liquid
depth is shown in figure 5. The higher frequencies show a maximum sensitivity when
the liquid layer is thinnest. As the layer thickness increases, the lower frequencies
become more dominant. Note however, that the depth sensitivity at low frequencies
is less than that for high frequencies and thin liquid layers. When we consider a
small region which would have a distribution of liquid depths. the brightness
temperature will vary depending on the details of the distribution, as well as the
relation between the microwave frequency and the liquid depth. From figure 5, we
would expect the maximum variation of brightness temperature to be at high
frequencies, when the layers are quite thin. possibly less than the skin depth, with
lower frequencies not showing the same extent of variation.

6. Observations of Artic flooded regions
We have collected both visible and microwave measurement of an apparently

flooded region in the Beaufort Sea north of the Mackenzie River Delta (65" N,
122°W). The region consists of open water. first year and multi-year ice, and ice
pond regions. Visible and microwave measurements provide the capability of
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Figure 5. Sensitivity of brightness temperature to liquid depth.
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evaluating different physical characteristics of the ice cover. The following sections
analyse surface features from the optical and the microwave data.

6.1. Analysis of visible and infrared imagery
Figure 6 is a DMSP visible high resolution (550 m) image showing the region on

8 June 1989, at 1820 UTC. A band of fast ice approximately 55km in width is
apparent just north of the delta. Reflectivity within the band is not constant,
suggesting the possibility of ice of variable thickness, age, or surface characteristics.
The band of ice is rimmed on the northern side by another narrow band of open
water (or thin ice-covered water).

To the north of these features lies the ice pack or drift ice of the Beaufort Sea.
The area shown is west of Banks Island, extending in the direction of Point Barrow
along the North Slope of Alaska. Normal southward drift of the ice pack west of
Banks Island caused by the anticyclonic gyre in the Beaufort Sea and prevailing high
pressure over the region has created a shear zone between the fast ice on the west
coast of Banks Island and the ice pack. A flaw polynya or flaw lead appears in that
region. Numerous large and small broken elements of ice cover the area and extend
southward into the Amundson Gulf.

?'I

Figure 6. DMSP high resolution visible image. 8 June 1989. 1820 UTC.
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4 : '

Figure 7. Overlay of sunglint pattern determined from 1536 UTC DMSP pass oxcrlaid on
image of figure 6.

The area of ice further we.st. from 130-140W, appears more intact with almost
completc ice cover. An overlay superimposed on this figure is shown as figure 7. The
overlays displays the outline of a sun glint pattern observed over the ice in another
DMSP visible image, acquired approximately three hours earlier, at 1536 UTC. This
image is shown as figure 8. The area of sun glint is over the region of largely intact
complete ice cover.

Sun glint also exposes flooded regions of the Mackenzie River delta. The
Mackenzie River itself can be seen illuminated by sun glint in the lower right corner
of the image. Interestingly, a portion of the band of ice curving around the mouth of
tho Mackenzie River delta is non-reflective, indicating a frozen surface not covered
with liquid water, in contrast to the highly reflective. apparently flooded ice area to
the north. This ice covered band may consist of less saline water from the Mackenzie
River. which, having a higher melting point would remain frozen for a longer period.

Sun glint effects over water are now a well-known phenomena and have been
described in many publications (Fett and Rabe 1976). chiefly relating to calm or
rough water regions for either brilliant reflection. in the c•.ie of calm or nearly calm
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seas or water, and reduced reflectance within a iun glint pattern for rough water
regions. However, detection and interpretation of sun glint data over the ice-covered
Arctic is a new topic, having received little or no previous attention.

The pattern observed in this example implies that the ice surface over the region
of sun glint is largely covered by water. As the melt season progresses in the Arctic
areas of flooded ice are commonly observed. Figure I is a photo of such a region
(Courtesy of Defense Research Board, Canada-WMO/OMM/BMO--No 259,
TP. 145). Although a considerable amount of ice exists in this image, these small
elements would not be resolved in corresponding satellite imagery and their
reflectivity would be averaged as part of the much more brilliant reflection from the
surrounding water, creating an effect such as seen in figure 8

The possibility of a surface ice thaw associated with the development of surface
brine layers is supported by meteorological data sets from Sachs Harbor, Banks
Island, and Tutoyatuk, Northwest Territories, Canda. These data indicate an
average temperature for Sachs Harbor of + 1-7 C and for Tutoyatuk of + 60 C
during the period 1-18 June 1989. These temperatures are approximately 1-3C
above normal f, r that time of year and would support an extensive melt conditior,
particularly in view of almost continuous daylight prevailing at the time.

F 8.v

Figure 8. DMSP visible image showing sunglint, 1536 UTC, 8 June 1989.
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Additional insight concerning interpretation of effects in the area can be
provided by an examination of the multi-channel AVHRR data of NOAA 10.
Figure 9 shows the channel 4 infrared imagery obtained at 1738 UTC. less than an
hour before the visible DMSP data of figure 6. The land surface of Alaska and
Canada is dark grey or black, indicating temperatures warmer than that of the ice to
the north. The land surface of Banks Island and Parry Peninsula is slightly colder
than land tempeiatures further south and west. An area of snow south-east of the
Parry Peninsula appears cold, emitting radiation at a temperature very similar to the
temperature over the Beaufort Sea. The snow area can also be seen in figure 6.

The open water area or thin-covered ice region, apparent in the visible data in
figure 6, appears in the infrared as a warmer band, extending northeastward from
Herschel Island. NOAA-10 channel 1 visible data are shown in figure 10. These data
show several ice features especially well, including large ice floes within the apparent
open water area and a giant floe south of Banks Island. Note that the southern edge
of the Beaufort Sea ice has a darker tone to it, indicative of a thinner ice condition.
The channel 2 data of NOAA-10 (figure I1) are of special interest since the channel
includes contributions from the near-infrared. Liquid water absorbs near-infrared
radiation more strongly than visible radiation with the result that a darkening of the
ice surface where melting has occurred is immediately apparent. This coincides
almost perfectly with the sunlight region in figure 7.

The mid-IR channei of NOAA 10 is of additional interest. Figure 12 shows the
channel 3 image of the region, inverted to show higher radiance values as white.
Figure 13 is an enhancement of this image used to bring out detail in the ice cover.
Channel 3 daytime imagery senses both scattered visible radiation and infrared
thermal emission. Snow and ice surfaces and ice crystal clouds absorb strongly at
this wavelength and appear black in the channel 3 image. Note that the ice floes and
band of shore fast ice apparent in channel I data (figure 10) are almost invisible in

Figure 9. Channel 4 NOAA-10 image, 8 June 1989. 1730 UTC.
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BEAUFORtT SEA

Figure 10. Channel I NOAA-10 image. 8 June 1989. 1730 UTC.

Figure 11. Channel 2 NOAA-10 image. 8 June 1989. 1730 UTC.
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channel I (figure 12). In the enhanceMd inage Ifilire 133) ;he open water area shows as
a warmer region and the outline ci .:• t !'!c, ,IL:Ic of Baniks lland can be
faintly discerned because "t heightened solar reflection.

Water areas outside sunglint regions are essentially non-reflective and also
appear dark when the :r is cold. Hence most of the frozen ice. the water- covered
ice, and the other c( ,pen water areas, appear as dark grey or black, with little
discrimination of difle.ences. However, a cloud appears in the top centre of the
image south-west of Banks Island and there is a patch of clouds just north-east of
Herschel Island which are not particularly noticeable in either the visible NOAA
channels, or in figure 6, the first DMSP image.

It is only when one carefully examines the second DMSi' :mage (figure 8) that
one can see that the grey shade intrusions into the sunglint to the west and east are,
in fact, clouds or low fog obscuring underlying features of ice. The pattern of the
cloud in the NOAA channel 3 data exactly duplicates the pattern of the grey shade
intrusion from the east into the sunglint region of figure 8. The fact that this cloud
and the cloudy patch north-east of Herschel Island cannot be seen with any
distinction in any of the other visible band images indicates that the cloudiness is
quite thin and essentially transparent at other viewing angles. Cloudiness extending
over a sunglint area, however, immediately reduced the specular reflection from the
region, making it easy to detect (Fett and Bohan 1977). These clouds are either very
low level or perhaps surface fog, since the temperature of the clouds are virtually
indistinguishable from the temperature of the surrounding ice as shown by the
infrared data (figure 9).

7. Analysis of microwave imagery
The microwave data available for the analysis included only the 19, 22 and

37 GHz channels, with both polarizations in the first and third channels and only the

CLOUD BA J 9. 1 T

Figure 12. Channel 3 NOAA-10 image, 8 June 1989, 1730 UTC.
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I .. ,•.

Figure 13. Enhancement of figure I I to improve ice cover detail.

vertical channel in the second, water vapour channel. The high frequency channels
of radiometer were noisy and not used. Both polarizations were initially examined,
but the horizontal channels were found to be less useful in differentiating flooded
and clear regions. This has been tentatively attributed to the horizontal channels'
reflection of downwelling radiation.

The 19 GHz and 37 GHz vertically polarized channels were plotted against each
other for the flooded region and its surroundings to see the occurrence of
relationships expected from the theoretical analysis of the effect of flooding.
Figure 14 shows that there seem to be several distinct regions in this scatter plot. The

19v vs 37 v BrLghtness temperature

20-

V0 -

269 -

> 240- '- -

220- -

200- 4

i9v Tb

Figure 14. Plot of Channel I (19GHz vertical) versus Channel 4 (37GHz vertical). 8 June
1989 UTC for region bounded by 74' N, 140' W, and 70-" N, 120' W.
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majority of the points lie along the diagonal. indicating the two channels are linearly
dependent with a slope near unity. Several other relatively distinct regions show a
substantially different, increased slope. The sign and size of the slope indicates there
is more variance associated with the higher frequency channel than the lower
frequency channel. This is consistent with the inference from figure 7 that some
flooding may exist.

The scatter plot was separated into several different regions for detailed
comparison with the optical satellite observations. By trial and error, it was found
that a area I in latitude by 2.5' in longitude provided sufficient data for analysis of
the distribution of observations, without excessive mixing of ice type within an
analysis box. Smaller areas, while providing more uniform surface conditions
presented too few pixels for determination of a distribution with any confidence.

A region of well-defined surface flooding is shown in figure 15 (a) which shows
the scatter plot for the region bounded by 72 N, 132-5 W and 73 N, 130W. In this
region. the 19GHz temperature varies by more than 15ý, while the 19GHz V
channel varies by less than 3'. From the optical analysis, this region is associated
with the surface melt, although there is some cloud cover in parts of the area.

Farther east, the scatter plot shows similar behaviour, although not as well
differentiated as in the first region. Figure 15(b) the scatter plot for the region
bounded by 73N. 130W and 72N. 127.5W, shows a 19GHz temperature range of
9', with a 37GHz temperature range of I8V. The optical imagery indicates that
flooding is potentially present, but there also is some lead formation in the area. The
areas of open water are expected to have a similar effect on the distribution of both
channel temperatures, thus resulting in a larger range than in the previous region.

Still farther east, the ice breakup becomes more marked. This is also seen in
figure 15(c) (between 72N, 122.5W and 72N, 125W), where the range of both
frequency channels are similar to that of figure 15 (b). It is interesting that there is a
slight amount of land contamination by Banks Island, but the general behaviour
does not change.

An area characterized by broken ice, with a similar fraction of deep water
(relative to the microwave skin depth) and ice cover is seen in figure 15 (d) (between
71 N, 135W and 70N, 132.5W). The scatter plot show a definite linear relation of
the 19V to 37V channels, quite different from the regions earlier. This behaviour
can be attributed to the averaging of large fairly uniform areas of ice and water. The
water regions are probably greater than several centimetres in depth, and should
extend over regions the size of an SSM/I footprint. 25km2 .

8. Conclusions
A two component radiance model of the microwave emissivity of a flooded ice

surface is presented to explain the behaviour of a microwave signal over polar ice
regions. The model provides a relationship of the frequency dependent brightness
temperature and the depth of the surface brine layer.

Simultaneous visible and microwave imagery of the Arctic ice pack have been
presented for a region of flooded ice in the Beaufort Sea on 8 June. 1989. Analysis of
visible and infrared imagery from DMSP OLS and NOAA-10 AVHRR sensors
demonstrate varying surface conditions, including new ice cover. multi-year ice, and
flooded ice regions.

The corresponding microwave brightness temperature imagery provides a quali-
tative estimate of the depth of the overlying brine layer. We have found that areas of
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Figure 15(a) Plot of Channel 1 (19 GHz vertical) versus Channel 4 (37GHz vertical),
8 June 1989 UTC for region bounded by 72' N. 132.5' W. and 73' N, 130° W. (b) Plot
of Channel I (19GHz vertical) versus Channel 4 (37GHz vertical). 8 June 1989 UTC
for region bounded by 73°N, 130'W, and 72°N, 127.5'W. (c) Plot of Channel I
(10GHz vertical) versus Channel 4 (37GHz vertical), 8 June 1989 UTC for region
bounded by 72°N, 122-5°W. and 72°N, 125'W. (d) Plot of Channel I (19GHz
vertical) versus Channel 4 (37GHz vertical), 8 June 1989 UTC for region bounded by
71'N, 135°W, and 70'N, 132.5-W.

approximate V° latitude by 2.5' in longitude are a reasonable compromise between
retrieving a sufficient number of pixels, and having a uniform surface area. The
brightness temperature of the higher frequency channels within these sub-regions
varied as expected, with wider range of high frequency than low frequency Th values
in the flooded regions. This frequency dependence of the brine layer indicates that
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the liquid layer is present, but is only I cm or less in thickness. In regions where there
is evidence of ice breakup in addition to the flooding, this behaviour of the frequency
dependence does not seem to be affected by the flooding. Averaging the behaviour of
ice and open water areas seems to explain the observed behaviour.

The characterization of the multi-spectral surface emissivity by its spatial
variation implies that textural analysis may be a useful tool for analysis of polar
surface observations. The current use of spectral variation of the microwave could
be supplemented by spatial texture analysis to differentiate among ice types. Further
development of these tools require a more extensive data set than currently
available.
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Appendix A
Microwave absorption of brine

This appendix provides the parametrizations used to compute the microwave
absorption coefficients used in the calculation of effective brightness temperatures
above a liquid water surface.
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The absorption coefficient is related to the complex permittivity of the material.

k=-I2 e
Aom/ (Al)

where A0 is the free space wavelength of the incoming radiation and e is the complex
dielectric coefficient. The complex dielectric coefficient depends on the physical
characteristics of the material by the Debye relaxation formula (Born and Wolf,
1965),

S= E, -jg" (A2)

where j is the square root of - 1, and the real part of the relaxation coefficient is
given by

6
OSW c - E W cc

1 + (27rfTrw) 2  
(A3)

6 , 2 1 r f ' , , ,( S S W o - E S , , , ) + a ,

I + 2irfrw, 2iroof (A4)

wheref is the frequency (Hz), TS, is the relaxation time of the solution (sec), co is the
permittivity of free space (8.855 x 10-12 Fm-') and Esw. is the static permittivity
(4.9). We use the parametrizations of Stogryn (1971) relating Ew to the salinity
S(0/00) and the temperature T(C) by

eSWO(T, S )=so(T,0) a(TS) (AM)

where

e,,o(T,O)=87T134+(-0"1949+(-0-01276+0.0002491 T) T) T (A6)

The relaxation time is parameterized by also separating the salinity dependence

a(T, S)= 1 +0.613 x 10- 5 TS+(-3"656x 10-3

+(3.210x 10- 5 -4.232x 10-7 S)S)S (A7)

.,.(TS) = T,(rTo) b(rS,sw) (A8)

2irrT,(T,0) = 1"1109 x 10-`0
+(- 13"824 x 10- 12 +(0"6938 x 10-1 4 -- 5"096 x 10-1 6 T)T)T (A9)

b(T, S)= I +2"282 x 10- 5 TS+(-7-638 x l0-4

+(-776 x 10-6+ 1-105 x IO-8 S)S)S (A10)

The ionic conductivity is separated into a salinity and temperature dependence as

ai(T,S) = cri(25,S)e- €(A l1)

where ac (25,S) is the ionic conductivity of sea water at 25 C and is given by

ao(25, S)=(0.1852+(-0.0014619+(2.093 x 10 -1.282 x l0- S) S) S) S (A12)
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The function 4 depends on S and A = 25- T

(0"02033+([1266x 10- 4-+2"464x 10- 6A)A (A 13)
-(i'849x 10--2"551 x 10-7 +2"551 x 10- 8 A) A) A) AS


